A nti-DNA autoantibodies (1, 2) are the hallmark of human systemic lupus erythematosus (3) and of mouse models of this prototypic autoimmune disease (4). The extensively studied anti-DNA Abs resemble secondary response Igs in experimental animals mostly comprising somatically mutated IgG with high affinity for DNA (5). In contrast, mostly lowaffinity, germline-encoded IgM "natural" anti-DNA Abs can be found in the sera of healthy individuals (6). This difference has been attributed to mechanisms of self-tolerance, leading to negative selection of autoreactive B and T cells (7). Several recent studies have suggested that intrinsic B cell defects may bear the prime responsibility for the loss of self-tolerance in systemic lupus erythematosus (8). Therefore, the mechanisms of B cell tolerance, particularly those involving clonal deletion (9), clonal anergy (10), and receptor editing (11) have become the focus of intensive investigation. Receptor editing provides the cell with a new receptor through replacement of the autoreactive L chain with a new one by continued rearrangement and is the primary mechanism for removal of a self-reactive BCR in the bone marrow (12).
A nti-DNA autoantibodies (1, 2) are the hallmark of human systemic lupus erythematosus (3) and of mouse models of this prototypic autoimmune disease (4) . The extensively studied anti-DNA Abs resemble secondary response Igs in experimental animals mostly comprising somatically mutated IgG with high affinity for DNA (5) . In contrast, mostly lowaffinity, germline-encoded IgM "natural" anti-DNA Abs can be found in the sera of healthy individuals (6) . This difference has been attributed to mechanisms of self-tolerance, leading to negative selection of autoreactive B and T cells (7) . Several recent studies have suggested that intrinsic B cell defects may bear the prime responsibility for the loss of self-tolerance in systemic lupus erythematosus (8) . Therefore, the mechanisms of B cell tolerance, particularly those involving clonal deletion (9) , clonal anergy (10) , and receptor editing (11) have become the focus of intensive investigation. Receptor editing provides the cell with a new receptor through replacement of the autoreactive L chain with a new one by continued rearrangement and is the primary mechanism for removal of a self-reactive BCR in the bone marrow (12) .
Recent studies have suggested that the process of secondary rearrangement is not necessarily accompanied by inactivation of the autoreactive L chain and may lead to a state of allelic or isotype inclusion (13) (14) (15) (16) (17) (18) (19) . This results in the expression of more than one functional BCR on the same B cell and challenges the dogma of "one lymphocyte, one receptor" (20) . Estimates of L chain-included B cell frequency in nonautoimmune, wild-type mice, using different methodologies, range from 3 to 10% of all B cells (17, 18) . However, in transgenic (Tg) 3 animals expressing an autoreactive BCR, this frequency could reach 40% (15) . It has been argued that coexpression of a nonself-reactive or L chain can rescue the B cell from negative selection by diluting out the selfreactive receptor (13) (14) (15) (16) 18) . Additionally, it was suggested that under certain circumstances, such as in aging mice, these B cells are potentially functional and can differentiate into autoantibodysecreting plasma cells (15) .
All of the studies so far have been conducted in wild-type or Tg normal mice. However, this newly described mechanism of L chain allelic inclusion could have particular implications for specific autoimmune responses (e.g., anti-DNA) in susceptible animals, such as the lupus-prone NZB/NZW F1 mouse (4). On one hand, these animals could use allelic or isotype inclusion to avoid B cell tolerance and thus significantly increase the frequency and selection of included B cells, especially in the fraction of autoantibody producing cells. Alternatively, an opposite scenario could also be envisaged, where the lack of effective tolerance mechanisms would reduce the need for L chain inclusion and their frequency would therefore be diminished.
To test these different possibilities, we used our well-defined, anti-DNA, knock-in mouse lines (21, 22) backcrossed to the NZB/ NZW genetic background (23, 24) . In these mouse strains, a single anti-DNA H chain (D42H of the NZB/NZW anti-dsDNA D42 hybridoma) or combinations of this H chain with different L chains have been targeted to the appropriate chromosomal loci in the mouse genome. When expressed on a nonautoimmune mouse background, no anti-DNA activity was found in the serum of H chain-or H/L chain-targeted mice and the animals showed features of all known mechanisms of B cell tolerance (21, 22) . In contrast, the same transgenes gave rise to a lupus-like anti-DNA response when expressed in 6 -8 mo old female NZB/NZW mice with concomitant class switching and affinity maturation by somatic hypermutation (23, 24) . A striking feature of the Tg anti-dsDNA Abs in the diseased animals was the use of a unique endogenous L chain, VRF-J5. This L chain was repeatedly selected from the mouse L chain repertoire to combine with the targeted D42H chain, and gave rise to a very high-affinity anti-DNA response (23) . Moreover, the D42H/VRF-J5 combination could be generated in the autoimmune background from low-affinity autoreactive BCRs by receptor editing, thus indicating that this mechanism is largely intact in diseased NZB/NZW mice (24) , and may promote either the induction or the loss of self-tolerance. An analogous situation was reported for high-affinity H76R anti-DNA Tg MRL/lpr mice (25) .
The three Tg mouse lines used in this study are NZB/NZW D42H, NZB/NZW D42H/V1-J1, and NZB/NZW V1-J1. In NZB/NZW D42H mice, endogenous L chains are selected to combine with the Tg anti-DNA H chain with a marked preference for the high-affinity anti-DNA D42H/VRF-J5 combination. In NZB/NZW D42H/V1-J1 mice, the BCR affinity for dsDNA is two orders of magnitude lower than that of D42/VRF (22) . The double-Tg B cells in this mouse edit their receptors very extensively to give non-DNA binding receptors, as well as high-affinity D42H/VRF-expressing B cells (24) . NZB/NZW V1-J1 Tg mice are closest to wild-type mice because this L chain has no anti-DNA preference (1) and may, therefore, combine with many different H chains to produce high-and low-affinity anti-DNA receptors. These three strains of Tg mice cover a wide range of autoreactive B cells, including cells with predetermined H and/or L chains, editing and nonediting cells, and cells expressing BCRs with high-and low-affinity for the autoantigen. An extensive analysis of spontaneous anti-DNA hybridomas from different individual mice in each category shows that the principle of allelic and isotype exclusion is strictly observed in the anti-DNA autoimmune response in diseased NZB/NZW mice. However, several expanded anti-DNA B cell clones show the presence of substantial amounts of mRNA encoding a restricted set of nonproductively rearranged L chains. These aberrant L chains could play a role in the escape of anti-DNA autoreactive B cells from self-immunologic tolerance in these mice.
Materials and Methods

Mice
NZB and NZW mice were purchased from Harlan Olac. All mice were maintained at the specific pathogen-free animal facility of the Hebrew University Medical School, Jerusalem, Israel. Knock-in mice, Tg for D42H, V1-J1, and V8-J5, were constructed as described previously (21, 22) .
-deficient mice were obtained from Dr. Yehudit Bergman (The Hebrew University, Jerusalem, Israel). All studies have been reviewed and approved by the Ethics Committee of the Authority for Animal Facilities, The Hebrew University, Jerusalem.
Experimental Procedures
Hybridoma production, flow cytometric analysis, RT-PCR, sequence determinations, clonal analysis, and DNA-binding tests were conducted as described previously (21) (22) (23) (24) . The universal V forward primer (UP2) used in all RT-PCR analyses has the sequence: 5Ј-CC AGTTCCGAGCTCCAGATGACCCAACTCCA-3Ј.
Antibodies
HRP-conjugated Abs, goat anti-mouse IgM, goat anti-mouse IgG, goat anti-rabbit Ig (Jackson ImmunoResearch Laboratories), goat anti-mouse , and goat anti-mouse (Immunology Consultant Laboratory) were used in FIGURE 1. NZB/NZW Tg mouse strains and their anti-DNA hybridoma products. A, Knock-in NZB/NZW mice used for hybridoma production. D42H mice (left) have been targeted with the H chain of the D42 hybridoma, which possesses an arginine-rich CDR3 (21) . The targeted gene was backcrossed from C57BL/6 onto the NZB background for seven generations, and then a female D42H NZB mouse was mated with a wildtype male NZW mouse (24) . V1-J1 mice (right) have been targeted with this L chain (22) by backcrossing from V1-J1 BALB/c onto the NZW background for seven generations, and then a male V1-J1 NZW mouse was mated with a wild-type female NZB mouse (24) . D42H/V1-J1 mice were produced by mating a female D42H NZB mouse with a male V1-J1 NZW mouse. All NZB/NZW mice used for hybridoma production were 7-9 month-old females. B, DNA binding capacity of IgM and IgG hybridoma products having D42H/VRF, D42H/V1-J1, and Hx/V1 combinations. For identities of Hx chains, see Table II . Relative binding capacities were determined by ELISA. 
Results
We have studied the anti-DNA immune response in Tg NZB/NZW mice by a detailed analysis of spontaneous hybridomas for several reasons. Hybridomas are likely to represent all the activated B cell populations in the spleen, including follicular and marginal zone B cells (15) and can be cloned and recloned to ensure monoclonality. Hybridomas can be tested for Ab specificity and affinity, and for the expression of a second L chain in the form of RNA and protein.
In previous studies, the frequency of L chain inclusion was found to be similar in flow cytometry, single-cell, and hybridoma analysis (17, 18) . Finally, spontaneous hybridomas, but not LPS-induced hybridomas, are able to retrieve the NZB/NZW anti-DNA producing cells, probably because they target activated B cells preferentially (24) . Nonactivated B cell populations, including immature and transitional B cells, may not be represented in this study.
We conducted hybridoma analysis by screening for anti-DNA binding activity and for the presence of H chain transgene, IgM, IgG, and L chain by ELISA, then synthesis of V L-chain cDNA from anti-DNA hybridoma RNA, using reverse transcriptase and a constant-region primer, followed by PCR amplification of anti-DNA V cDNA using a constant-region primer and a universal FR1 V-primer (UP2), recognizing at least 80% of all mouse -chains (data not shown). Next was digestion of the high-affinity VRF and the lower affinity V1 cDNA with chain-specific restriction enzymes, to detect a second (included) -chain. Last was recloning of hybridomas suspected of expressing double L chains and nucleotide sequencing of all relevant H and L chains for V identification and for analysis of somatic mutations. When applicable, protein analysis of purified Abs was performed by mass spectrometry.
The different knock-in mice and their hybridoma products are depicted in Fig. 1 and Table I . NZB/NZW D42H mice (Fig. 1A) show a very uniform fraction (17-18%) of DNA-binding hybridomas (Table I ) and can select any L chain from the mouse repertoire to pair with the Tg H chain. However, the spontaneous anti-DNA hybridomas derived from these mice almost exclusively (80 -90%) express VRF-J5 as their L chain partner (Table I) , possessing very high affinity for dsDNA ( Fig. 1B; Ref. 23 ). Most of these B cells switch to IgG (Table I ) and accumulate somatic mutations (23) . In contrast, NZB/NZW D42H/V1-J1 double-Tg mice produce mostly IgM hybridomas with lower anti-DNA affinity (Fig. 1B and Table I ); however, 8 -40% of the anti-DNA hybridomas in these mice show the D42H/VRF combination as a direct result of the process of receptor editing (Table I; Ref. 24) . Furthermore, these mice are capable of editing their L chain very efficiently to a variety of non-DNA-binding L chains (24) , making them very good candidates for the expression of editing-dependent, L chain-included B cells (14, 15, 18) . Finally, V1-J1 L chain-only Tg mice (Fig. 1A) are the least restricted in that they are not influenced by the dominant, arginine-rich D42 H chain and can therefore select a wide range of B cells with low to high BCR affinity for DNA (Fig. 1B) , depending on the choice of different H chains. Fig. 2 shows the restriction enzyme patterns of VRF and V1 cDNA with different restriction enzymes that are unique to these variable-region -chains. Digestion of cDNA with these enzymes served for the identification of the two L chains and could also reveal the presence of an additional cDNA. In the three D42H NZB/NZW female mice, a substantial number of very high affinity VRF-expressing hybridomas (9 -36%) showed the presence of a second -mRNA, encoded by one of the three V2 family germline V-genes (Table I and Fig. 2, C and D) . The sequences of these V2 mRNAs revealed that all of them were nonproductively rearranged (Fig. 2E) . Additionally, in at least one of these D42H mice, all of the VRF-expressing hybridomas that contained a second mRNA seemed to represent a single, expanded anti-DNA B cell clone, as suggested by the patterns of somatic mutations (supplemental material Figs. S1-S3 4 ) and by analysis of D-J rearrangements in the non-Tg, endogenous H chain allele (data not shown).
The D42H/V1 double-Tg NZB/NZW mice are expected to produce at least two types of allelically included B cells. The first is an endogenous L chain associated with the original Tg anti-DNA V1 L chain that has been shown to edit very extensively (22, 24) , and the second type is a V1/VRF included L chain pair, resulting from the process of receptor editing from the lower-affinity D42H/V1 to the higher-affinity D42H/VRF. As shown in Table I and Fig. 2D , none of the edited D42H/VRF hybridomas in the 3 D42H/V1 Tg NZB/NZW mice (0/44) showed the presence of a second L chain mRNA. Of the V1 anti-DNA hybridomas derived from these mice, only 1 of 123 (0.8%) had a second -chain. This hybridoma was among the highest affinity anti-DNA clones in its group. The included L chain was again encoded by a V2 gene family member, and could be expressed as an active protein because its nucleotide sequence was compatible with a productive rearrangement (Fig. 2E) .
The V1-J1 L chain-only Tg NZB/NZW female mice produced, as expected, a much smaller percentage of anti-DNA hybridomas (4% ; Table I ) as compared with the D42 H-chain-dominated Tg mice, reflecting a lack of anti-DNA bias by the V1 Tg L chain. Also, these mice produced DNA-binding B cell clones with a wide range of affinities (Fig. 1B) by combining with a large selection of different endogenous H chains (Table II) . Surprisingly, however, only one of the V1-expressing anti-DNA hybridomas derived from these mice (1/88) showed the presence of a second, productive L-chain (Table I and Fig. 2D ), indicating a near-perfect allelic exclusion. The included L-chain was again encoded by a V2 gene family member (Fig. 2E ) and was associated with a J558 V H -encoded H chain.
The number of NZB/NZW anti-DNA hybridomas expressing L chain was very small (3/570, 0.5%) in all tested mice, as shown in Table I . None of the three hybridoma clones were accompanied by a L chain. In agreement with this analysis, FACScan of -expressing B cells in NZB/NZW female mice and their Tg derivatives (Fig. S4) showed a very low percentage (0.25-1.5%) of these cells and a correspondingly low percentage of / double-expressing B cells.
Discussion
Our results with anti-DNA B cells from NZB/NZW mice differ widely from previous studies, in which L chain allelic inclusion was found to range from 3 to 10% of all B cells in wild-type mice (17, 18) or from 20 to 40% in B cells targeted for autoreactivity (14, 15) . These latter figures are more relevant to the present study because we have looked exclusively at anti-DNA autoreactive B cells, rather than the B cell population at large. We find, surprisingly, a near perfect L chain allelic exclusion in our anti-DNA hybridomas in different strains of H chain-only, L chain-only or 4 The online version of this article contains supplemental material. 4  IgM  J558.84  V1  2  FR3  --5  IgM  Q52.2.4  V1  ----51  IgM  Vh10.39  V1  1  FR1  --9  IgG  V6  V1  5  CDR1, FR2, FR3  --12  IgG  Vh7183.a19  V1  4  CDR1, CDR2, FR3  --14  IgG  J558.87.193  V1  5  FR1, CDR2, FR3  6  FR1, CDR1, CDR2, FR3  17  IgG  J558.84  V1  7  FR1, CDR1, CDR2, FR3  --21  IgG  V6  V1  10  FR1, CDR1, FR2, CDR2, FR3  2  CDR2, FR3  50  IgG  J558.33  V1  5  CDR1, CDR2, FR3  1  FR3  53  IgG  J558.47  V1  4  FR2, CDR2  1  FR3 H/L chain Tg mice. In total, only two of 400 VRF or V1 anti-DNA hybridomas (0.5%) had the potential of expressing a dual L chain BCR on the surface of their B cell progenitors. A special consideration, in this regard, should be given to the tight linkage of allelic inclusion to L chain receptor editing (13) (14) (15) (16) 18) . Although some researchers have reported reduced receptor editing in certain mouse models of systemic lupus erythematosus (26, 27) , we have found no difference in the ability of diseased female NZB/NZW mice to edit their B cell receptors (24) as compared with nonautoimmune mice (22) . In particular, B cells from D42H and D42H/V1-J1 Tg mice were very efficient in editing their BCRs, as determined by a dramatic shift in J use from J1 and J2 to J5 (in the case of D42H mice), or by the near complete replacement of V1-J1 with new L chains (in D42H/V1 mice) in LPS hybridomas (22, 24) . The targeted V1-J1 L chain is especially prone to receptor editing due to its particular V-J configuration, as it has the maximum possibilities for secondary rearrangements, beginning with the Tg L chain itself (22) . Furthermore, all of the high-affinity, anti-DNA, D42H/VRF-J5-secreting hybridomas retrieved from the double-Tg D42H/V1 NZB/NZW mice, in the present study, could only be obtained through the process of receptor editing. We must, therefore, conclude that L chain allelic inclusion does not accompany receptor editing in anti-DNA Tg NZB/NZW mice and that the expression and secretion of high-affinity, anti-DNA autoantibodies is independent of this presumed tolerance mechanism. It is conceivable, however, that unlike nonautoimmune animals, lupus-prone NZB/ NZW mice do not select for allelically included anti-DNA B cells because they have a genetic defect affecting the mechanism of clonal deletion. This would enable high-affinity, autoreactive B cells in these mice to survive and mature without the need to reduce the effective cross-linking capacity of their receptors. It is also possible that non-DNA-binding B cells, which are also the products of receptor editing, contain a higher percentage of L chain included cells; however, these cells are not likely to serve as precursors for the autoimmune response in diseased animals. Additionally, when we analyzed a group (n ϭ 11) of edited, non-DNAbinding hybridoma clones, derived from the V1 NZB/NZW mouse, none was found to retain the original V1 L chain (data not shown). This suggests that receptor editing that eliminates DNAor other self-specificities is generally not accompanied by allelic inclusion in these mice. However, the present study did not address the possibility that nonactivated B cells, which do not secrete autoantibodies and can be analyzed through LPS hybridomas (24), may exhibit a higher proportion of allelic inclusion. A technical issue is whether allelically included B cells can lose their second L chain in the process of hybridoma production. This is unlikely, however, because whenever the fraction of L chain included hybridomas was compared with the fraction of included B cells by other methods, such as flow cytometry (17) or single-cell analysis (18) , the percentage of hybridomas was higher.
A substantial number of anti-DNA hybridomas, almost exclusively in the D42 H chain-only NZB/NZW mice, showed high levels of mRNA transcripts, encoding mostly nonproductively rearranged included L chains. These aberrant L chains, and two presumably productive L chains in hybridomas from D42H/V1 and V1 mice, were encoded by one of the three V2 germline genes. This gene family is not overexpressed in the mouse L chain repertoire (28) . Also, in a large sample of non-DNA binding hybridomas, we found no bias for V2 cDNA, using the same PCR primer (data not shown). Moreover, in at least one mouse, all of the included anti-DNA hybridomas represented a single expanded B cell clone. It is therefore striking that a single editor V gene was used in productive and nonproductive, allelically included, anti-DNA B cells in these lupus-prone mice. One explanation for this phenomenon is that V2-expressing L chain does not support DNA binding, even in combination with very dominant H chains, such as D42H. However, several other V genes were found to have this property (23) .
Another, nonmutually exclusive explanation, involves the position of the three V2 genes near the 5Ј end of the V gene cluster (29) . This substantially increases the chances of a secondary or tertiary rearrangement, when the previous rearrangement(s) has been deletional, as in the case of VRF (29) . A third possibility may be relevant to the nonproductively rearranged V2 L chains in this study, because they inevitably generate premature termination codons (PTCs) in their mRNA transcripts and these should be rapidly degraded in the extensively studied nonsense-mediated decay RNA surveillance pathway (30) . This is because Ig-harboring PTCs encode truncated proteins composed of the variable region domain and sometimes a small portion of the constant region. If translated, such proteins could be deleterious, because they could act as dominant-negative mutants that interfere with the function of the wild-type Ig by interaction with the full length H chains, thereby inhibiting their surface expression and secretion (31) . In our case, it is not clear whether the aberrant V2 rearrangement occurred before or after the productive rearrangement of the anti-DNA L-chain; however, at least in the case of the two V1/V2 included hybridomas, the V2 rearrangement was part of an editing process, aimed at eliminating the Tg anti-DNA V1 L chain. The preference for V2 could be explained if this variable domain has a particularly high affinity of interaction with the H chain variable region. Such a strong interaction could inhibit the mechanism of nonsense mediated decay by preventing PTC recognition during an early (pioneer) round of translation (30) . In turn, the V2 domain could serve as a dominant-negative mutant by reducing the effective anti-DNA BCR density on the cell surface. This would give the corresponding autoreactive B cells a selective survival advantage, similar to that observed in anergic B cells (10) . Although we have not been able, so far, to isolate a V2 fragment from hybridoma cell extracts by immunoprecipitation, the details of this putative mechanism should be further explored. If true, it could further generalize the concept of L chain allelic inclusion to include nonproductively rearranged L chains.
